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PROPELLER V/STOL AIRCRAFT 

By M. 0. McKinney* 

NASA Langley Research Center 

INTRODUCTION 

Propeller V/STOL a i r c r a f t  f i t  i n to  the  a i r c r a f t  spectrum as t rans-  
ports ,  u t i l i t y  a i r c r a f t ,  and possibly as counterinsurgency f igh te r s  i n  
the  300- t o  400-knot speed range. 

This paper i s  a discussion of the  state of the a r t  on such pro- 
p e l l e r  V/STOL airplanes - mainly f r o m  the standpoint of aerodynamics 
and s t a b i l i t y  and control.  It i s  not a complete treatment, but  j u s t  
h i t s  a f e w  high spots.  It deals  mainly with the t i l t -wing type such 
as t h a t  of the XC-142A airplane shown i n  f igure  1. Many of the  tech- 
n i ca l  points  brought up i n  t h e  discussion, however, are  a l so  applicable 
t o  the  r e l a t ed  deflected-slipstream STOL type such as t h a t  of t he  
Breguet 941 STOL airplane shown i n  figure 2.  Most of the research work 
t h a t  has been done on propel ler  V/STOL a i r c r a f t  has been done on these 
two general types. 
t i l t ing-propel le r  a i r c r a f t  such as the X-lgA (shown i n  f i g .  3) has been 
performed and will be mentioned b r i e f l y .  Basically, however, because 
of the  small amount of research work that  has been done on e i t h e r  the 
t i l t - p r o p  or tandem arrangement features,  the state of the art on t h i s  
type of a i r c r a f t  i s  r e l a t ive ly  poor. 

However, a l imi ted  amount of work appl ic&le t o  

On the  other hand, t he  state of the art f o r  the  t i l t -wing  and 
deflected-slipstream types i s  f a i r l y  good. 
they are e s sen t i a l ly  conventional propeller a i rplanes and, as such, they 
are backed up by a vast  background o f  technology f o r  these normal- 
forward-flight conditions. And, i n  the VTOL and STOL operating range 
f a i r l y  extensive research work has been done on t h i s  type of a i r c r a f t  
over t he  pas t  10  years.  

I n  the' cruise  f l i g h t  range, 

RESEARCH BACKGROUND 

The research background i n  the propeller V/STOL f i e l d  i s  indicated 
i n  f igure 4.  
c r a f t .  
areas such as operating problems and vibratory loads have been inves t i -  
gated t o  a l e s s e r  degree. There has also been a considerable amount of 
f ree- f l igh t  model work. This has consisted mostly of dynamic s t a b i l i t y  
and control  research - about 10  d i f fe ren t  two- and four-propeller 

It has included f l i g h t  research with four research air- 
This work has been mainly on flying qua l i t i es ,  although other 
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configurations have been covered. And, f ina l ly ,  there  has been a 
l a rge  mount of wind-tunnel research on aerodynamics (and a l so  on sta- 
b i l i t y  and control)  i n  which a very l a rge  number of complete models and 
model components have been covered. 
f l i g h t  models have demonstrated repeatedly t h a t  they can be flown i n  
hovering f l i g h t  and can make the t r a n s i t i o n  between hovering and normal 
forward f l i g h t  i n  many d i f f e ren t  configurations.  
research, most of the  aerodynamic and s t a b i l i t y  and control problems 
of t h i s  type of a i rplane have been discovered and f a i r l y  w e l l  defined; 
and possible cures f o r  the problems, o r  means of operating the a i r c r a f t  
so as t o  avoid the problems, have been devised. The remainder of t h i s  
paper consists mainly of a discussion of some of these problem areas. 

The research a i rp lanes  and f ree-  

As  a result of all t h i s  

PERFORMANCE 

Effec t  of Wing Size i n  Cruise 

One feature  t h a t  VTOL a i r c r a f t  might seem t o  o f f e r  i s  that  the wing 
might be s ized  f o r  bes t  e f f ic iency  i n  c ru ise  and not have t o  be made 
unnecessarily l a rge  f o r  conventional take-offs and landings.  
thought, however, it w i l l  be rea l ized  t h a t  h i s t o r i c a l l y  it has been 
found t h a t  an airplane must have a l a rge  wing span i f  it i s  t o  have good 
all-around eff ic iency,  i n  o ther  words, i f  it i s  t o  have good multimission 
capabi l i ty .  However, i f  you should want t o  emphasize high-speed perform- 
ance at low l e v e l s  a t  the expense of all other  operating conditions, you 
might want t o  design f o r  as s m a l l  a wing as possible .  For example, t h i s  
i s  what w a s  done with the Thompson Trophy r ace r s  of 20 o r  30 years  ago. 
We a re  all fami l ia r  with these e f f e c t s  of wing s i z e  i n  the cruise  f l i g h t  
range. Let u s  go on, however, t o  see what the  e f f e c t  of wing s i z e  i s  i n  
the novel V/STOL range of operation. 

On second 

Effec t  of Wing Size i n  Transi t ion 

Figure 3 shows the  e f f e c t  of span on the  power required i n  the  
t r ans i t i on  range f o r  t i l t -wing  or deflected-sl ipstream a i r c r a f t .  
i l l u s t r a t i o n  i s  f o r  the case of a two-propeller a i rplane and a four- 
propeller a i rplane having the  same gross  weight and the same t o t a l  pro- 
p e l l e r  d i sk  area.  
across the  propel le rs  so t h a t  the  span of the two-propeller a i rplane i s  
less than t h a t  of the  four-propeller a i rp lane .  
each configuration. The dot ted l i n e s  show the  i d e a l  power required as 
calculated from c la s s i ca l  induced-drag and momentum re la t ions ,  and the 
s o l i d  l i n e s  show the  ac tua l  power required as determined fram wind- 
tunnel tests. 

The 

Both airplanes have wing spans equal t o  the span 

Two curves are shown fo r  

These curves show t h a t  the  a i rp lane  with the  g rea t e r  span requi res  

This i s  a fundamental char- 
s ign i f icant ly  less power a t  a given speed i n  the t r a n s i t i o n  range, o r  
t h a t  it C a n  f l y  slower with a given power. 
ac t e r i s t i c ,  and not just  a cha rac t e r i s t i c  of t he  p a r t i c u l a r  configurations 



t es ted ,  since the r e s u l t  i s  shown by the idea l  curves calculated from 
bas i c  physical  r e l a t ions .  

These r e su l t s ,  then, indicate  t h a t  the large-span wing, which i s  
general ly  desirable  i n  the  cruise  condition, o f f e r s  decided advantages 
i n  the  t r a n s i t i o n  range i n  terms of take-off and landing speed and dis- 
tance f o r  STOL operation, and i n  terms of minimum safe  speed from engine- 
out considerations.  This point on the  e f f ec t  of span i s  very timely i n  
connection with some of the requirements t h a t  have been discussed f o r  a 
C O I N  f i g h t e r  a i rplane.  
curves show t h a t  the pr ice  of a short  span i s  grea te r  take-off and 
landing speeds, and consequently distances.  

That i s  the requirement f o r  shor t  span. These 

Comparison of T i l t  Wing and T i l t  Prop i n  Transit ion 

These low power-required curves - down near the idea l  - can be 
achieved. 
much higher power-required curve i n  t r ans i t i on .  
it i s  necessary t o  make the wing work ef fec t ive ly .  
f igure  6 shows power-required curves f o r  t i l t - p r o p e l l e r  and t i l t -wing 
configurations.  With the t i l t - p r o p e l l e r  configuration as present ly  con- 
ceived, the wing i s  of short  span - only out t o  the  propel ler  nacel les  - 
and s m a l l  chord. With t h i s  type of configuration the power-required 
curve i s  much higher than the  idea l  f o r  an a i r c r a f t  with an e f f ec t ive  
span equal t o  the span across the propel lers .  This high power required 
i s  p a r t l y  the r e s u l t  of low o r  negative angles of a t tack  on the wing due 
t o  the  propel ler  sl ipstream and p a r t l y  due t o  the f a c t  t h a t  most of the  
lift i s  being provided by the propel le rs  which are,  i n  e f f ec t ,  two low- 
aspec t - ra t io  l i f t i n g  surfaces .  

But, it i s  qui te  easy t o  ge t  away from the idea l  and have a 
To ge t  these low curves 

For example, 

Poor power-required curves can also be obtained with the t i l t -wing 
configuration i f  the wing is  not  working e f f ec t ive ly  - f o r  example, if 
the wing stalls as shown i n  f igure 7. These power-required curves show 
simply t h a t  the power required i s  much higher f o r  the wing which stalls 
i n  the  t r a n s i t i o n  range. 
take-off and landing speed and distance would be s ign i f i can t ly  grea te r  
f o r  an a i rp lane  with a wing t h a t  stalls and t h a t  the minimum safe speed 
from engine-out considerations would be greater .  

The implication of these curves i s  t h a t  the 

Figure 6 indicated a marked superior i ty  i n  terms of power required, 
and consequently i n  STOL performance f o r  the t i l t -wing  configuration. 
This i s  t r u e  f o r  a general purpose airplane where you can afford t o  put 
on enough wing t o  provide the l i f t  required t o  avoid s t a l l i n g .  
if you wish t o  bui ld  an airplane almost exclusively f o r  high speed a t  
low a l t i t u d e  where you cannot a f ford  t o  put on much wing, a tilt wing 
would stall much worse than i s  ind ica tedby t h i s  f igure,  and the  tilt- 
prop configuration might be the b e t t e r  of the two. 

However, 
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FLYING QUALITIES I N  TRANSITION 

Effect  o f  Wing S t a l l  

Poor performance i s  one r e s u l t  of wing stall; and, of course, poor 
The e f f e c t  of wing stall i n  t r a n s i t i o n  on f lying qua l i t i e s  i s  another. 

f lying qua l i t i e s  of a t i l t -wing V/STOL airplane i s  shown i n  f igure  8 
using results obtained i n  f l i g h t  t e s t s  of the  VZ-2 t i l t -wing research 
airplane.  
tilt wing we show a region of  dangerous and unacceptable f ly ing  quali- 
t i e s  on a p l o t  of  r a t e  o f  climb against  airspeed. The behavior of the  
airplane i n  t h i s  unacceptable region i s  characterized by the  wing- 
dropping, wallowing motions, and heavy buffet ing normally associated 
with extensive wing s t a l l i n g .  This unacceptable region ser iously limits 
the usefulness of  the airplane,  because it i s  i n  t h i s  region of airspeed 
and ra te  o f  descent t h a t  the p i l o t  would l i k e  t o  make h i s  approaches. 

Here i n  the top f igure f o r  the  or ig ina l  airplane with a p l a in  

The two lower sketches show t h a t  t he  region o f  unacceptable f lying 
qua l i t i e s  has been moved f a r  down i n t o  the  descent range and the possi-  
b l e  operating range of the airplane g rea t ly  opened up by the use of con- 
ventional h igh - l i f t  o r  s ta l l -cont ro l  devices such as f l a p s  and leading- 
edge droop. The results f o r  the flap-down condition were obtained from 
f ree- f l igh t  model t e s t s  since the  fu l l - sca le  a i rplane has not y e t  been 
flown i n  t h i s  condition. 

Relief of S t a l l  

From f igures  7 and 8 it i s  evident t h a t  there  i s  a wing-stall prob- 
l e m  i n  t r ans i t i on  and t h a t  t h i s  stall can be rel ieved by the use of a 
wing t h a t  i s  b ig  enough and has enough h i g h - l i f t  deirices t o  produce the  
lift required without s t a l l i n g .  The question is, can a designer design 
a wing t o  be free of stall o r  the  adverse e f f e c t s  of stall? The answer 
t o  t h i s  question i s  t h a t  there  i s  enough research information on hand t o  
permit the design of a sa t i s f ac to ry  wing, provided you are  wil l ing t o  
play it safe and put  on a l i t t l e  extra chord and f l ap .  But, if you want 
t o  design the  minimum wing t h a t  w i l l  do the  job, some f a i r l y  extensive 
wind-tunnel t e s t s  with a powered model are required.  

S t a b i l i t y  and Control 

This wing-stall problem i s  one aspect of  f ly ing  qua l i t i e s .  Another 
aspect i s  the general s t a b i l i t y  and control  area. The main r e s u l t s  of 
the  NASA research i n  t h i s  area can be summarized simply. There are a 
number of d i f f e ren t  kinds of s t a b i l i t y  and control t roubles  t h a t  it i s  
possible t o  ge t  into;  bu t  research has shown tha t ,  by proper design, it 
i s  possible t o  achieve reasonably acceptable s t a b i l i t y  and control  char- 
a c t e r i s t i c s  with t i l t -wing  and deflected-slipstream a i r c r a f t  provided 
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wing s ta l l  i s  avoided. But, a t  the  present stage of the game, it i s  
necessary t o  work out such problems as the provision of adequate direc- 
t i o r i d  s t a b i l i t y  and adeqzate c m t r o l  i n  vied-tiunnel tests of each par- 
t i c u l a r  design. 

GROUND EFFEKTS 

Flow Pat tern i n  Hovering 

The general character of the  slipstream flow of multipropeller VTOL 
a i r c r a f t  when hovering near t he  ground i s  shown i n  f igure  9. 
streams of the  individual propel lers  tend t o  spread out r ad ia l ly  along 
the ground. 
flow upward - s t r a igh t  upward a t  a s t a t ion  between the  propel lers ,  and 
upward a t  progressively smaller angles ahead o f  and behind the  center of 
the a i r c r a f t .  This upward flow along the plane of symmetry of t he  air- 
c r a f t  creates  a very deep region of intense sl ipstream flow d i r ec t ly  ahead 
of and behind the  a i r c r a f t  which has marked e f f e c t s  on various problems 
associated with sl ipstream rec i rcu la t ion  as w i l l  be explained la ter  i n  
t h i s  and other  papers. This simple picture  of the  flow shown i n  
f igure 9 explains several  of the  charac te r i s t ics  obtained i n  ground e f f ec t .  

The s l ip -  

And, as they meet a t  t he  plane of symmetry they tend t o  

Ground Effect  on L i f t  

The bes t  known ground e f f e c t  on such a i r c r a f t  i s  an increase i n  
lift. The upward flow beneath the fuselage simply creates  a posi t ive 
pressure region there  and thereby gives a l i f t  augmentation. 

Ground Effect  on Flying Qual i t ies  

This slipstream flow a l so  a f f ec t s  f lying qua l i t i e s .  The flow i n  
the  region where the sl ipstreams in t e r sec t  d o n g  the  plane of symmetry 
i s  bas i ca l ly  not steady and t h i s  unsteadiness i s  increased by movements 
of t he  a i r c r a f t  i t s e l f .  So, as t h i s  unsteady f l o w  moves up alongside 
the  fuselage and rec i rcu la tes  through the propel le rs  it causes l a rge  
random forces  and moments on the a i r c r a f t .  I n  other words, it causes 
t h e  airplane t o  f l y  roughly because it is,  i n  e f fec t ,  i n  turbulent a i r .  
Another cause of unsteadiness might be the unsteady upflow swishing 
around at the t a i l  of the  airplane.  
s l ipstream rec i rcu la t ion  i n  ground e f f ec t  i s  shown i n  f igure 10. 
f igure  shows time h i s t o r i e s  of the a i r c r a f t  motions and s t i c k  motions 
of t he  VZ-2 t i l t -wing airplane when hovering i n  and out of ground e f f e c t .  
The only f ea tu re  t o  notice i s  t h a t  the  motions of the  a i r c r a f t  are much 
rougher i n  ground e f f ec t  and t h a t  the p i l o t  i s  having t o  work harder t o  
control  t he  airplane.  

Evidence of rough f l i g h t  due t o  
This 
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The region i n  which t h i s  rough behavior w a s  encountered with the  
VZ-2 was a t  heights less than about 15 feet, and the e f f e c t  pers i s ted  
a t  speeds up t o  about 20 knots as the  airplane ran i n t o  the  deep intense 
slipstream flow t h a t  had been forced out ahead along the  plane of symmetry. 
A t  forward speeds above about 20 knots the  airplane leaves the sl ipstream 
flow pat tern behind and f l i e s  smoothly. 
f lying qua l i t i e s  are bas ic  e f f e c t s  and cannot be eliminated. 
simply l i v e  with them and operate the  a i r c r a f t  so as t o  be i n  t h i s  range 
of low heights and low speeds f o r  as l i t t l e  time as possible .  

These slipstream e f f e c t s  on 
You must 

It would be expected t h a t  a four-propeller tandem configuration 
such as the  X-lgA would suf fer  more from t h i s  rough flow than a four- 
propeller t i l t -wing configuration because all four propel lers  a re  near 
the unsteady upward flowing slipstream near the  center of the a i r c r a f t  
and the upflow w i l l  probably be stronger.  

CONCLUSIONS 

This paper can bes t  be concluded by r e i t e r a t i n g  t h a t  the  propel ler  
V/STOL research a i r c r a f t  have been flown successfully i n  several  con- 
f igurat ions.  
has been done on the  hovering and t r a n s i t i o n  ranges of f l i g h t  f o r  the  
t i l t-wing and deflected-slipstream configurations.  The r e s u l t  of all 
t h i s  experience i s  t h a t  f o r  t i l t -wing and deflected-slipstream types 
the problem areas are w e l l  defined, the general types of solut ions 
t o  use on the  problems have been discovered, and the  development of 
operational a i r c r a f t  of t h i s  type i s  well within the  state of t he  a r t .  

A grea t  deal of wind-tunnel and free-flight-model research 
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